maximum supercurrent, i.e., the critical current I C of the JJ. In a parabolic approximation of the potential well, there exist three different regimes of the escaping motion, such as macroscopic quantum tunneling 21, 22 (MQT), thermal activation 23 (TA), and phase diffusion 24, 25 (PD) processes, depending on thermal fluctuations and the Josephson coupling strength. In particular, observation of the MQT provides direct evidence for the quantum nature of the JJ, which is essential for developing superconducting quantum information devices. 26 In contrast to conventional tunnel-type JJs, 27 nano-hybrid JJs made of semiconducting nanostructures [28] [29] [30] can be used to introduce an additional control knob to tune the MQT behavior through the gatetunable I C , which has been demonstrated using graphene 31, 32 and InAs nanowire 33 (NW) . In this work, we report the stochastic switching-current distributions in the MQT regime, obtained from β-Ag 2 Se TI NW-based JJs. To the best of our knowledge, the MQT nature inherent in TI JJs is reported for the first time. Moreover, the crossover temperature to observe the MQT behavior reaches up to MQT * = 0.8 K, which is the highest among the nanohybrid JJs. Our work could pave the way for developing gate-tunable superconducting qubits 34, 35 made of TI NWs.
in the inset of Figure 2a , where the channel length and diameter are L = 145 nm and φ = 175 nm, respectively. The electrical transport properties were measured using a 3 He refrigerator (Cryogenic Ltd.) with a base temperature of T = 0.3 K. The switching current distribution over 4,000 repetitions was obtained using a triangle-wave-shaped current with a ramping rate dI/dt = 238 μA/s and a threshold voltage of V th = 30 μV. The existence of topologically non-trivial surface states in the β-Ag 2 Se NW has been confirmed by measuring electronic transport properties, including the weak antilocalization effect, Aharonov-Bohm oscillations, and Shubnikov-de Haas oscillations in our previous work. 36 Temperature-dependent current-voltage (I-V) characteristic curves for device D1 are displayed in Figure 2a , where the bias current was swept from negative to positive values. We note that the I-V curve at the base temperature, T = 0.3 K, exhibits a dissipationless branch up to the critical current I C ~ 29 µA, which corresponds to the critical current density of J C ~ 1.3 × 10
5
A/cm 2 . Device D2 also exhibits similar I C and J C values (see Fig. S2 ). Our observed J C is about seven times larger than the one from the shortest channel (~ 30 nm) device 37 of an InAs NW junction, and twice as large as that from the Nb-contacted InN NW junction. 38 To the best of our knowledge, the I C and J C values observed in this work are the highest values among the results obtained from the semiconductor-NW-based superconducting junctions to date. 28, [37] [38] [39] [40] We also note that there occurs an abrupt voltage jump from supercurrent to resistive branches at I C , while the reversed voltage drop is observed at the return current I R . The hysteretic I-V curves obtained at low temperatures can be caused by an effective capacitance in the nanohybrid superconducting junction 41 or Joule heating effect. 42 Here, the power density near I C amounts to P ~ 4.8 µW/µm 3 at T = 0.3 K, which is large compared to those in other reports. 42 Thus, we infer that the electron temperature increases abruptly just above I C , and the elevated temperature drops to the bath temperature value below I R , resulting in the hysteretic I-V curves.
The temperature dependence of I C and I R is displayed in Figure 2b . We note that the I C (T)
plot has a convex shape instead of an exponentially decaying one, which is typically observed in other nanohybrid superconducting junctions 40, 41, 43 . The behavior of the former indicates that our β-Ag 2 Se JJ is within the short junction limit, 44 while the latter is consistent with the long and diffusive junction limit. 45 As the elastic mean free path of β-Ag 2 Se NW, 36 l e ~ 21 nm, is considerably shorter than the channel length L, we used a short and diffusive junction model to fit our I C (T) data (see the Methods). The calculation result (dashed line in Figure 2b ) is in qualitative agreement with the experimental data. Here, the I C R N product reaches about 770 µeV for D1, resulting in eI C R N /∆ Al = 2.9, where R N = 27 Ω refers to the normal-state resistance of the junction and ∆ Al = 260 µeV is the superconducting gap energy of Al, which is estimated from the superconducting transition temperature T C = 1.7 K.
The application of a magnetic field B, perpendicular to the substrate, induces a progressive change of the I-V curves (see Figure S3 ). A color plot of the dynamic resistance, dV/dI, in Figure   2c depicts the supercurrent region (dark blue) in contrast to the normal-state region (light blue), while the dV/dI peaks (dark red) occur at I C . In particular, Figure 2d shows that I C (B) data exhibit a monotonically decreasing behavior with B in Figure 2d , instead of a periodic modulation with a period of B 0 = Φ 0 /Ld ≈ 13 mT, where Φ 0 = h/2e is the magnetic-flux quantum. Such monotonous behavior of I C (B) data has also been observed in other NW-based JJs, [37] [38] [39] [40] 46 which can be well understood within the narrow junction model. 47 three regimes of the I C switching process. 31, 32 Below T = 0.7 K, the SD is nearly temperature independent, indicating that the I C switching is governed by the MQT process. 21, 22 For 0.7 K < T < 1.1 K, the SD is proportional to temperature, which is due to the TA process.
the SD decreases when temperature increases, and this can be explained by the PD process. 24, 25 A similar temperature dependence of the SD has already been observed in other nanohybrid JJs using graphene 31, 32 and semiconductor nanowires. 33, 40 We have reported the first experimental observations of the MQT behavior from TI-based JJs, and the observed MQT temperature, T * MQT , has the highest value among the nano-hybrid JJs. The physical origin of the highest T * MQT will be discussed later.
For a quantitative analysis of the I C distribution, we define the switching probability When the temperature is increased, the thermally activated escape of the phase particle from the local minima of the washboard potential becomes more dominant than the MQT process. The ( ) and Γ( ) data obtained at T = 1.1 K were fitted using the escape rate in the TA regime 23 (see the Methods) with the parameters of I C0 , C, and the escape temperature T esc . This discrepancy may be attributed to the PD process, where the thermally activated phase particle is retrapped in the neighboring potential well owing to a strong dissipation during the escape. 24, 25 Thus, the escape rate is suppressed in the PD regime, resulting in a very sharp ( ) distribution and narrow SD at higher temperatures. The TA (dashed line) and PD (solid line) models were fitted to the Γ( ) data taken at T = 1.5 K in Figure 4b , supporting the PD model as an appropriate switching mechanism (see the Methods). The results obtained after fitting (solid lines) other ( ) data (symbols) at different temperatures are displayed in Fig. 3b , while the respective fitting parameters are plotted in Figure S4 .
We now discuss the physical origin of the highly enhanced crossover temperature between the MQT and the TA regimes. The crossover temperature is theoretically given 48 In conclusion, we fabricated superconducting JJs using β-Ag 2 Se TI NWs. The observed critical current reached the highest value of the nanohybrid JJs made of semiconductor NWs.
The strong Josephson coupling strength enables us to observe the macroscopic quantum tunneling behavior, even at T = 0.8 K, which is the highest crossover temperature recorded to date. The measurement and analysis of the switching-current distribution reveals the underlying dynamics of the Josephson phase particle in β-Ag 2 Se NW-based JJs. Our observations could contribute to development of superconducting qubits made of TI NWs.
METHODS

I C (T) calculation:
Using the short and diffusive junction model 44 , I C is given by the maximum value of the supercurrent expressed by Solid line is a theoretical fit using the narrow junction model. 
